The contractile vacuole of freshwater protozoa is involved in regulation of cell volume and of intracellular solutes (6, 13, 22) . Despite the longstanding interest in this organelle and knowledge of its functional significance, little is known of the mechanisms of the primary actions of the contractile vacuole, namely, the formation and expulsion of the vacuolar fluid .
The contractile vacuole of freshwater protozoa is involved in regulation of cell volume and of intracellular solutes (6, 13, 22) . Despite the longstanding interest in this organelle and knowledge of its functional significance, little is known of the mechanisms of the primary actions of the contractile vacuole, namely, the formation and expulsion of the vacuolar fluid .
This report is concerned with the origin of the force for systole, the expulsion of the vacuolar fluid. The force could arise from tension generated in the wall of the vacuole, or from one of several processes in the adjacent cytoplasm, or by a combination of forces . Kitching in 1956 emphasized the lack of pertinent information, but concluded from indirect evidence that the walls of contractile vacuoles develop tension (12) . On the other hand, Wigg et al . (29) suggested that the contractile vacuole (or water-expulsion vesicle) of Amoeba proteus is not contractile, and that the vacuolar fluid is expelled by force generated in the adjacent endoplasm. This conclusion was based on cinemicrography of the vacuolar cycle . The movement of the cytoplasm toward the vacuole during systole and the collapse of the vacuole were taken as evidence for generation of force by the endoplasm, and not by the wall of the vacuole . Similar observations were made on Paramecium (18) and Tetrahymena (17) .
We found that the application of adenosine triphosphate (ATP) to contractile vacuoles isolated from Amoeba proteus caused the vacuoles to contract . The contraction had specific requirements for ATP and Mg . This observation suggests that the force for systole is generated by the vacuole itself. A preliminary report of these results has been published (21) .
MATERIALS AND METHODS
Amoeba proteus were cultured at 18°C in the dark in a dilute, mixed salt solution (20) Louis, Mo.), one or more salts, and were adjusted to pH 7.0 . The isolated vacuole was photographed on Polaroid film, before and after treatment, through a microscope equipped with phase-contrast optics .
OBSERVATIONS
The isolated contractile vacuoles were spherical or slightly oval in shape . The diameters were between 20 and 40 µ, and were the same before and for several hours after isolation (cf. 22) . The walls of the isolated vacuoles appeared to be without substructure and free from adhering cytoplasm . After about an hour, the vacuoles became granular in appearance, but they remained intact for several hours . They tended to stick to the glass slides, allowing the application of test solutions without losing the vacuole from the visual field .
The The lowest concentration of ATP causing contraction was between 1 .5 and 2 .5 mm . ATP at 10 mm with 5 mni MgC12 was sufficient to give the maximal response . Application of ATP alone caused no response . CaC12 at 5 mm did not substitute for MgC1 2. In the presence of 5 mat CaC12, the contractions caused by ATP and Mg were irreversible, whereas, in the absence of added Ca, the vacuoles relaxed to near their original configuration within I min .
ATP is required specifically for the contraction . Inosine triphosphate, guanosine triphosphate, adenosine diphosphate, and adenosine monophosphate, all at 10 mm, applied along with 5 mm CaC12 and 5 MM MgCl2, all failed to elicit any signs of contraction in the isolated vacuoles . These observations also show that the contraction is not due to a change in the ionic strength of the medium.
The contractions are also not a passive osmotic phenomenon. The application of 100 mm sucrose 432 B R I E F N 0 T F S or 30 mm Na 2 SO 4 caused no noticeable contraction, nor any reduction in volume of the vacuoles . This result also suggests a low permeability to water, which would be of obvious functional significance for a structure which in vivo expels a fluid hyposmotic to the cytoplasm (22, 24) . DISCUSSION The contraction of the isolated contractile vacuole suggests that the force for systole in Amoeba proteus is generated at least in part by the wall of the vacuole . The contractile property of the isolated vacuole does not constitute proof for this mechanism of systole in the intact cell, but it does make this possibility much more likely .
The isolated vacuole contracted by ATP does not resemble exactly the fully contracted vacuole in vivo . However, it is comparable in appearance to one of the intermediate stages of systole shown by Wigg et al. (29) . Occasionally the isolated vacuoles contracted by ATP were flattened in the plane of the light path, and more nearly resembled the vacuole in vivo just before the end of systole . It is possible that the contracted vacuoles in Figs . 1-4 , while circular in outline, are flattened in the plane of the photographs .
The observations of Wigg et al . (29) on the contractile vacuole in vivo in Amoeba proteus are consistent with the authors' conclusion that the force for systole is generated by the adjacent cytoplasm . However, the observations do not exclude the possibility that the force arises in the wall of the vacuole . The movement of cytoplasmic particles toward the vacuole during systole was interpreted to indicate that the vacuole is collapsing due to a force from the cytoplasm, but this movement could as well be due to contraction of the vacuole and hydraulic coupling to the adjacent cytoplasm . The collapsing of the vacuole can no longer be cited as evidence of a passive vacuole since the contraction in vitro could equally well be described as collapse .
The requirements for ATP and Mg for contraction of the isolated vacuole provide little basis for speculation about the control of the triggering of expulsion . Addition of Ca was not necessary for contraction in vitro, but this in no way rules out a requirement for a low Ca concentration, which was undoubtedly present in all of the solutions . The relaxation of the vacuole after contraction in media to which Ca was not added is most likely not the same process as the filling of the vacuole in vivo . The relaxation is faster than diastole in vivo . Furthermore, it remains to be demonstrated that the conditions necessary for diastole exist for the isolated vacuole . Thus the ability of the isolated vacuole to relax raises questions about the control of diastole in vivo .
In 1920, Chambers reported the isolation of contractile vacuoles from Amoeba proteus (5) . Chambers observed apparently spontaneous contractions of the isolated vacuoles, a phenomenon never observed in the present study . Although the account was extremely brief, the description of the contractions was otherwise similar to that given here. Contractile vacuoles have also been isolated from other species of amoeba (10, 22) , but no observations were made of their contractile properties.
The contraction of the isolated vacuole requires the presence of contractile elements in or on the wall of the vacuole . There were early reports, from electron microscopic studies, of fibrils associated with the contractile vacuole of Amoeba proteus (1, 8, 14) , but the fibrils appear to be fixation artifacts . In other studies no fibrils were seen around the contractile vacuole of Amoeba proteus (15) or Chaos chaos (19) , but these studies probably suffered from inadequate fixation or imbedding techniques (3) . With new techniques, fibrils have been seen in the cytoplasm of Amoeba proteus (3, 30) and Chaos chaos (16) , but no special attention was paid to the contractile vacuole . The smaller soil amoebae offer less difficulties with fixation . Microtubules or filaments have been reported bordering the contractile vacuoles of two species of soil amoeba (2, 9), but were not observed in three other species (4, 26, 28 ) . An early demonstration of birefringence of the wall of the contractile vacuole of Amoeba verrucosa is perhaps relevant (23) . Fibrils are associated with the contractile vacuoles of several ciliates (7, 25) , but there is no reason that contractile vacuoles of ciliates and amoebae, let alone all amoebae, should share a common mechanism for systole . Further studies are necessary for clear evidence on the structural basis for contraction of the contractile vacuole in amoebae .
It might be possible to speculate about the nature of the contractile proteins in the wall of the vacuole by comparison with the properties, particularly with regard to the role of divalent cations, of actomyosin and its components (cf. reference 11) . Both myosin-like and actomyosinlike proteins have been identified in homogenates of Amoeba proteus (27) . However, the evidence on the roles of Mg and Ca in the contraction of the isolated vacuole is not sufficiently clear to warrant any conclusions .
